Introduction
Laser-welding is a high precision and efficient fabrication method used to locally melt and fuse together individual metallic elements of varying thicknesses and material grades into a range of complete structural sections, such as I-sections, T-sections, angles and channels, without the use of filler material. This technology can be used for the production of mild steel and stainless steel sections [1] [2] [3] . Laser-welding enables the heat input to be kept to a minimum, thus resulting in small heat affected zones, low thermal distortions and low residual stresses [2] [3] [4] . Compared to traditional arc welding, laser-welding offers the potential for a greater degree of automation, with higher welding speeds, quality and precision. The weld seams are also small in comparison to traditional arc welding processes, resulting in sections featuring essentially sharp edges and corners as shown in Fig. 1 .
The structural response of laser-welded components has not received significant attention from researchers owing to their relatively recent introduction to the construction industry, and the applicability of current codes to their structural design is unclear. Experimental studies on laser-welded carbon steel cold-formed beams have been conducted [3] , but no experimental data on the load-bearing performance of laser-welded stainless steel members have been reported to date. Given the importance of the fabrication process, and in particular the influence of residual stresses [5] on the structural response of members susceptible to buckling, there is a clear need for research into the behaviour and design of laser-welded members. To address the lack of relevant test data, a research project on laser-welded stainless steel sections comprising hot-rolled plated elements is underway at Imperial College London. This paper reports experimental results for austenitic stainless steel stub columns and long columns, covering 9 different geometries of laser-welded I-sections. Tensile coupon tests, initial geometric imperfection measurements and residual stress measurements have also been conducted and are reported herein. Based on the results obtained, the design provisions of EN 1993-1-4 [6] and the continuous strength method are evaluated. EN 1993-1-4 [6] is found to be safely applicable to the design of laser-welded stainless steel crosssections, but is overly conservative in the stocky range; this conservatism is overcome by application of the continuous strength method. Moreover, the suitability of the current buckling curve specified for welded sections in EN 1993-1-4 [6] is assessed for laser-welded profiles and it is concluded that higher column buckling curves than are currently prescribed for welded members may be adopted.
Material testing
The laser-welded I-section profiles investigated in this paper were fabricated from hot-rolled stainless steel plates. All tested material was austenitic stainless steel, but a variety of grades (Grades 1.4307, 1.4571 and 1.4404) was employed to suit the availability of sections from the manufacturer. These grades have similar mechanical properties and would therefore be expected to lead to similar structural performance. The laser-welding was carried out in accordance with EN ISO 13919-1 [7] with the quality level for weld imperfections being Class B (stringent). The longitudinal direction of the structural members coincided with the rolling direction of the constituent plate material.
The chemical compositions and key tensile properties of the plate material, as provided in the manufacturer's mill certificates, are reported in Tables 1 and 2 , respectively, while the results of tensile coupon tests conducted in this study are presented in Table 3 . Note that the material properties from the mill certificates are generally similar to those obtained from the tensile coupon tests performed herein, though some variation exists. This may be due to differences in the location from which the coupon was extracted within the sheet and the loading direction (transverse to the rolling direction in the mill tests and longitudinal to the rolling (and member) direction for the tests performed herein), as well differences in testing apparatus, measurement equipment and loading rate. The adopted specimen designation system can be explained by means of an example -e.g. specimen I-160×82×10×12-W indicates an I-section of dimensions 160 (section height h) × 82 (section width b) × 10 (web thickness t w ) × 12 (flange thickness t f ), with the final letter (W=web; F=flange) indicating the component from which the coupon was extracted. The cross-section labelling system is shown in Fig. 2 . All tensile coupon tests performed herein were conducted using an Instron 8802 250 kN hydraulic testing machine, following the procedure set out in EN ISO 6892-1 [8] . The reported material properties are Young's modulus E, 0.2% proof stress f y , 1% proof stress f 1.0 , ultimate tensile stress f u , strain at ultimate stress ε u , strain at fracture measured over the standard gauge length ε f and the Ramberg-Osgood parameters n, n 0.2,1.0 and n 0.2,u [9] [10] [11] [12] , which are measures of the degree of nonlinearity of the material response. The subscript 'mill' denotes that the properties were obtained from the manufacturer's mill certificate. For Isections made up of plates of the same thickness t, a single coupon test was performed, while for sections made up of plates of dissimilar thicknesses, tensile tests on coupons extracted from both the flange (F) and the web (W) were conducted. As can be seen from the data in Tables 2 and 3 , the tested austenitic stainless steel material exhibits high ductility, with strains at fracture in excess of 50% in most cases.
Residual stress measurements
As for conventional welding, the thermal gradients that arise during laser-welding lead to the formation of residual stresses. While the patterns and magnitudes of residual stresses in structural carbon steel cross-sections have been studied extensively [13, 14] , those in stainless steel sections [5, 15, 16] , particularly welded sections [17] [18] [19] [20] have received less attention.
Owing to the differences in material properties, such as a rounded stress-strain curve, higher thermal expansion and lower thermal conductivity, residual stresses in stainless steel sections cannot simply be assumed to be of the same magnitude or distribution as those in carbon steel sections. Moreover, the reduced heat input of laser-welding would be expected to result in lower thermal distortions and lower residual stresses compared to conventional processes.
The residual stress patterns in two laser-welded stainless steel cross-sections -I-140×140×10×12 (Grade 1.4307) and I-102×68×5×5 (Grade 1.4571) -were measured in the present study, using the sectioning method [5, 17, 21, 22] . The measured geometry of the residual stress test specimens is shown in Table 4 , while the location and dimensions of the strips within the cross-section are set out in Fig. 3 .
The residual stress measurements were made following the procedures recommended by the Structural Stability Research Council [23] . Prior to sectioning, the strips were marked out (see Fig. 3 ) and gauge holes were drilled in the middle of each end of the strip, using a CNC milling machine (see Fig. 4 ). The gauge holes were 1.98 mm in diameter, chamfered to a depth of 0.5 mm and cleaned with an air blast. The nominal initial distance between each pair of holes L 0 was set to 250 mm.
A Demec gauge was used to measure the distance between the gauge holes, following the recommendations of the Structural Stability Research Council [23] . Both strain gauges and Demec gauges are considered to be acceptable and accurate means of measuring released strains following the sectioning process, and have been successfully employed and in fact compared in previous studies [5] . A Demec gauge was favoured in the present study to minimise the possibility of missing results that can arise due to loss of strain gauges during handling and machining. Readings were taken prior to (denoted r 1 ) and after (denoted r 2 ) the cutting procedure on both sides of the strips. A temperature reference bar was used to take into consideration any temperature changes; with readings taken prior to and after sectioning denoted t 1 and t 2 , respectively.
All cutting was conducted using wire electrical discharge machining (EDM) with minimal heat input, as shown in Fig. 4 . The two sectioned residual stress specimens are shown in Fig.   5 . The residual stresses were obtained by calculating the relieved strain ε, according to Eq. (1):
The expression above is such that positive strains indicate tensile residual stresses, and negative strains indicate compressive residual stresses.
Some of the released strips, particularly those close to the welds, exhibited a slight curvature in the longitudinal direction upon sectioning. This indicates a residual stress gradient through the thickness. To correct for this curvature and find the true relieved strain ɛ c , the following approximation was applied [17] :
in which δ is the maximum deviation of the strip from a straight line between the gauge points.
The residual stresses were then determined by multiplying the released strains by the Young's modulus. The resulting measured data are presented in Fig. 6 , and show the anticipated pattern of tensile residual stresses near the welds and compressive residual stresses elsewhere, with some variation through the thickness. The higher through-thickness variation in residual stresses than is usually observed in welded sections may be related to a steeper through-thickness temperature gradient arising from the more localised heat input associated with laser-welding, though this is not consistent in the results and has not been verified. The normalised peak tensile and compressive residual stresses in the flanges and web of the two tested sections are reported in Table 5 , where the subscripts f and w stand for flange and web, respectively, while t and c signify tension and compression, respectively.
The measured residual stresses are also presented in a normalised format in laser-welded stainless steel T-sections, together with the predictive model proposed in [17] for welded austenitic stainless steel sections are also plotted in the figure. Note that the measurements of Klopper et al. [18] are not directly comparable with those obtained herein since the test specimens were laser-welded from ferritic (Grade 1.4003) stainless steel plates.
As anticipated, the measured residual stress magnitudes in the laser-welded sections are lower than those observed in sections produced using conventional welding techniques due to the lower heat input, and thus are over-predicted (see Fig. 7 ) by the model of Yuan et al. [17] .
A revised pattern of representative residual stresses for laser-welded austenitic stainless steel cross-sections is therefore proposed herein based on the generic distribution adopted in [16] , but using the measurements obtained herein, as shown in Fig. 8 . The model may be seen to provide generally safe-side predictions of the measured residual stress values. Note that although the peak tensile residual stresses obtained by Klopper et al. [18] are typically higher than those measured herein, the general distribution and the level of compressive residual stresses are similar. The values for the key parameters are set out in Table 6 , together with those for equivalent predictive models for conventionally welded carbon steel [24, 25] and austenitic stainless steel [17] I-sections. The proposed residual stress pattern may be used in future numerical studies into the behaviour of laser-welded austenitic stainless steel structural elements.
Column tests

Stub columns
Stub column tests were conducted to assess the compressive response and susceptibility to local buckling of laser-welded I-sections. Stub column lengths equal to 3 times the largest cross-section dimensions (or 2 times the largest cross-section dimensions plus 254 mm, whichever is smaller) were chosen in accordance with the provisions of [23] . Similar recommendations are given in Annex A of EN 1993-1-3 [26] . This length is deemed long enough to contain a representative pattern of geometric imperfections and residual stresses, yet short enough to avoid overall member buckling. The ends of the stub columns were milled flat and square to ensure a uniform distribution of compressive force under load.
Prior to testing, the geometric properties of the stub columns specimens were measured and are recorded in Table 7 . Initial local geometric imperfection measurements were also taken, following the procedure reported in [27] , to aid in the assessment of the structural behaviour and for use in the future development of numerical models. To measure the initial imperfections, the specimens were firstly secured to the flat bed of a milling machine. A displacement transducer, which was attached to the head of the milling machine, was then moved along a representative 600 mm length of each of the tested section sizes, recording displacements at 5 mm intervals along the locations shown in Fig. 9 , where a typical local imperfection pattern is also depicted. The same approach has been successfully adopted in a previous study [28] . The maximum measured values of the local imperfections w 0 , defined as the maximum deviation from a straight line datum fitted through each set of results, are reported in Table 7 . The tolerances on web and flange deviations were taken as (h-2t f )/100 and b/100, respectively, as set out in Annex D of EN 1090-2 [29] . The smaller of these two values, denoted w 0,tol , has been included in Table 7 for each cross-section size; on average, the measured local imperfections may be seen to be about one third of the EN 1090-2 tolerances.
The stub columns were compressed between parallel plates at a rate of 0.3 mm/min. Four strain gauges were affixed near the edges of the outer faces of the flanges at mid-height, whilst four LVDTs were employed to measure the end-shortening of the specimens. The strain gauge readings were utilized for alignment purposes and to account for the effect of the deformation of the end plates. All data, including voltage, load, strains and displacements were obtained through the DATASCAN data acquisition system at 1 second intervals. Each test was continued into the post-ultimate range to enable the post-failure response to be captured. All specimens failed by inelastic local buckling. The deformed stub column specimens, clearly displaying the local buckling failure modes, are depicted in Fig. 10 . The load-end shortening responses are shown in Fig. 11 , while the key measured geometric properties and test results of the stub columns including the average measured compressive 0.2% proof strength f yc , the recorded failure loads N u and the corresponding end shortening at failure δ u are reported in Table 7 . The following notation is used: L is the stub column length, h is the overall cross-section height, b is the flange width, t w is the web thickness, t f is the flange thickness and w 0 is the measured local geometric imperfection amplitude.
Slender columns
Minor axis flexural buckling tests
Having established the basic material and cross-sectional response, fourteen flexural buckling tests on pin-ended columns buckling about the minor axis were conducted to obtain the ultimate load carrying capacity and assess the applicability of current buckling curves to the design of laser-welded I-section columns. Five cross-section sizes at various lengths were tested, covering a wide range of member slendernesses. Knife edges were employed to achieve the pin-ended conditions about the minor axis.
Prior to testing, the geometry of the specimens and the initial global geometric imperfections were measured and are reported in Table 8 would result, where L is the buckling length of the columns between the knife edges (i.e. the sum of the column length and the thickness of the two knife edges).
The employed instrumentation consisted of a load cell at the top knife edge, two inclinometers attached at the top and bottom of the specimens to measure end rotations, one LVDT and one string potentiometer attached at the mid-height of the column to measure lateral deflections, as shown in Fig. 12 . Four strain gauges (each at a distance of 10 mm from the outer edge of each flange) were affixed at the mid-height of the columns and used to determine the total test eccentricity (v 0 +e 0 ) following the method described by Zhao et al. [30] .
The average total applied eccentricity was L/1630. The discrepancy between the planned and the actual value of the applied eccentricity reflects the difficulty of accurately aligning the specimens. Load was applied by means of displacement-control at a rate of 1 mm/min for all tests. All data, including load, deflections and strain were recorded using the DATASCAN data acquisition system at 1 second intervals.
All specimens failed by flexural buckling around the minor axis, as shown by the typical deformed specimens in Fig. 13 . The key experimental results are reported in Table 9, including ultimate load N u , lateral displacement at ultimate load, and average end rotation at ultimate load. The measured load-lateral displacement responses for all specimens are shown in Fig. 14. 
Major axis flexural buckling tests
Eight major axis flexural buckling tests on laser-welded I-sections columns were conducted following the same procedure as described in Section 4.2.1. Two sections sizes were tested, with different column lengths for each to achieve a spectrum of major axis member slenderness. Knife edges were employed to achieve pinned end conditions for buckling about the major axis and fixed end conditions for buckling about the minor axis. Lateral restraints, preventing minor axis deflections, were provided to all specimens at quarter points, as shown along with the general test setup in Fig. 15 . Similar to the minor flexural buckling tests, the geometric properties and global imperfections of the specimens were measured prior to testing and are reported in Table 10 .
On average, the total applied eccentricity (v 0 +e 0 ), as determined from the strain gauges, was L/785. All specimens failed by flexural buckling around the major axis, as depicted in Fig. 16 for three typical columns. The load-lateral deflection responses of all tested major axis buckling specimens are shown in Fig. 17 , while the key experimental results are summarised in Table 11 .
Analysis of results and design recommendations
Slenderness limits and cross-section response
The current European design code for stainless steel structures, ΕΝ 1993-1-4 [6] , accounts for local buckling through the concept of cross-section classification. The constituent plate elements that make up the cross-section are classified into discrete behavioural groups according to their width-to-thickness ratios as compared to codified slenderness limits, which depend on the applied stress distribution, element support conditions (i.e. whether outstand or internal elements) and fabrication process (i.e. whether cold-formed or welded). The crosssection is assumed to behave according to its least favourably classified element. Based on the test results of the stub columns reported herein, the applicability of the Class 3 slenderness limits specified in EN 1993-1-4 for compressed outstand and internal elements in laser-welded cross-sections are assessed.
In Fig. 18 , the experimentally derived ultimate loads from the tested stub columns, normalised by their compressive yield load Af yc , are plotted against the element width-tothickness ratio c/tε for both outstand and internal elements, where c is the flat width of the element, t is the thickness and ε=[(235/f yc )(E/210000)] 0.5 . The EN 1993-1-4 Class 3 slenderness limits for internal and outstand elements, which were recently updated following research reported in [31] , are also depicted. For the outstand flanges shown in Fig. 18 (a), the tested range of c/tε ratios is rather limited and hence no clear conclusions can be drawn.
However, for the internal elements in Fig. 18(b) , it may be concluded that the EN 1993-1-4
limits are safely applicable to laser-welded cross-sections. It may also be observed that all tested sections exceeded their yield loads. This is attributed to the significant strain hardening exhibited by stocky stainless steel cross-sections, which is not accounted for in EN 1993-1-4 [6] . Strain hardening is however accounted for in the deformation based continuous strength method (CSM) [31] [32] [33] [34] [35] . Comparisons between the ultimate capacities obtained in the stub column tests N u and the predicted capacities according to EN 1993-1-4 N EN1993-1-4 and the CSM N csm are presented in Table 12 , where the benefit of considering strain hardening, in term of both mean predictions and reduction in coefficient of variation (COV), is clear. The mean ratios of the predicted-to-test resistances (N EN1993-1-4 /N u ) are shown in Table 13 .
Column buckling
The following observations can be made: (i) the normalised results for the columns buckling about the minor axis are generally lower than those buckling about the major axis. This would be expected since the residual stress pattern in welded I-sections, where the outstand flange tips are in compression, is more detrimental to the minor axis flexural stiffness; (ii) the laser-welded sections generally exhibit superior normalised performance relative to their conventionally welded counterparts -this is attributed to the lower residual stress magnitudes, as discussed in Section 3; (iii) the comparisons indicate that curve 'c' may be suitable for laser-welded stainless steel columns buckling about either axis, but this should be verified by means of a further test or numerical data and reliability analysis, which is currently underway.
Conclusions
An experimental investigation into the structural response of laser-welded austenitic stainless steel I-section compression members has been reported. The study included tensile coupon tests, initial geometric imperfection measurements, nine stub column tests, fourteen flexural buckling tests on pin-ended columns buckling about the minor axis and eight about the major axis. The level and distribution of residual stresses were assessed in two laser-welded austenitic stainless steel I-sections using the sectioning method, and a representative residual stress pattern for this section type was proposed. Following comparisons with the results of the stub column tests, the current Class 3 slenderness limit for internal elements given in EN 1993-1-4 [6] , [31] was shown to be appropriate for laser-welded sections. The continuous strength method (CSM) was able to predict accurately the observed structural response of the tested stub columns by considering the influence of strain hardening. The results of the tests on the slender stainless steel laser-welded I-section columns indicated improved normalised buckling performance relative to conventionally welded sections due to the lower residual stress magnitudes and that a higher buckling curve may be applicable. The latter is being investigated further in a parallel numerical study and reliability analysis will be carried out on the combined experimental and numerical dataset. [17] 0.8fy From equilibrium 0.225bf 0.05bf 0.025hw 0.225hw ECCS [24] fy 0.25fy 0.05bf 0.15bf 0.075hw 0.05hw BSK 99 [25] 0.5fy From equilibrium 0.75tf 1.5tf 1.5tw 1.5tw Table 7 Measured geometry and key experimental results for tested I-section stub columns. 
